Abstract: Graphene has unique optical and electronic properties that make it attractive as an active material for broadband ultrafast detection. We present here a graphene-based detector that shows 40-picosecond electrical rise time over a spectral range that spans nearly three orders of magnitude, from the visible to the far-infrared. The detector employs a large area graphene active region with interdigitated electrodes that are connected to a log-periodic antenna to improve the long-wavelength collection efficiency, and a silicon carbide substrate that is transparent throughout the visible regime. The detector exhibits a noise-equivalent power of approximately 100 µW·Hz -½ and is characterized at wavelengths from 780 nm to 500 µm. 
Introduction
Two important figures of merit used to characterize optical detectors are the spectral range over which the detector is sensitive and the temporal speed of detection. Traditional photovoltaic detectors can be engineered to have a fast response time, but their spectral band is constrained by the bandgap of the active material. Conversely, thermal detectors (pyroelectric or bolometric) can be designed to absorb a broad spectrum of incident radiation, but typically have slow response times. The ability to simultaneously provide broad spectral responsivity and ultrafast temporal response in a single device has many potential applications, including hybrid microwave/optical communication systems [1] , ultrafast time-domain spectroscopy [2] , hyperspectral imaging and range-finding [3] , and comb-based frequency metrology [4] . Ultrafast detectors, for example photovoltaic or photoconductive detectors based on GaAs and InGaAs, are widely used in the near infrared spectral range [5, 6] , but it is difficult to find comparably fast detectors for longer mid-and far-infrared wavelengths. HgCdTe and InSb can be used for fast detection in the mid-IR [7] , but they fail to detect far-IR signals. For longer wavelengths, other mechanisms are often exploited to achieve ultrafast detection, including the photon-drag effect [8] and rectification, e.g. in field-effect transistors [9] , Schottky diodes [10] , or superlattice detectors [11] . Because optical signals cannot be easily focused or concentrated below the diffraction limit, far-IR and terahertz detectors require either a large active area or an antenna to capture and concentrate the fields, which further constrains the electrical speed and spectral bandwidth.
Graphene has recently emerged as an attractive optoelectronic material with great potential as a detector material for a broad spectral range [12] [13] [14] . The band structure of graphene, which is characterized by a linear dispersion in the low energy range forming two opposing cones that touch each other in the Dirac points, leads to the universal absorption of photons by interband excitation over an ultrawide spectral range [15] . Moreover, graphene's exceptional electrical properties, including high carrier mobility and weak electron-phonon scattering allow for ultrafast temporal response. Numerous effects have been recently used for photodetection in graphene, including bolometric detection [16] , photoconductive detection [17] , field-effect rectification [18, 19] , and photothermo-electric detection [20] [21] [22] [23] .
In this paper we describe an ultrafast bolometric THz detector based on graphene that employs a broadband log-periodic antenna, connected to an interdigitated metal-graphenemetal active region, which allows for simultaneous fast detection of both terahertz and visible signals. The device exhibits an electrical rise time of about 40 ps and is measured over a spectral range from 800 nm to 500 µm.
Detector design and measurement setup
The graphene detectors were fabricated on graphene, grown by chemical vapor deposition. To this end, the large-area graphene on copper was transferred to a semi-insulating silicon carbide (6H SiC) substrate with thermal-release transfer tape (Graphene Supermarket). With this simple transfer, approximately 50% of the substrate surface was covered with large flakes of graphene. Raman mapping of the 2D peak of graphene was used to identify potential positions for the antenna that was subsequently patterned by electron-beam lithography (cf. Figure 1(b) ). The antenna is a log-periodic antenna with an outer diameter of 1 mm, consisting of a 60 nm thick Au layer on top of a 5 nm thick Ti layer. Interdigitated metallization stripes contacted the the graphene flake to the antenna. The processed chip with the detector was then mounted in a copper holder and contacted with conductive epoxy to a SMA connector (cf. Figure 1(a) ). The dc resistance of the devices ranged approximately between 100 Ω to about 3 kΩ, which is attributed to variations in the contact resistance as the response of all devices was similar. All measurements were performed at room temperature and the detector was connected via a bias tee and a high-frequency amplifier to a sampling oscilloscope. The bias current during the measurements was kept around 100 µA. The layout of the detector is rather similar compared to detectors reported in [24] . There, however, single layer graphene flakes fabricated by mechanical exfoliation on Si/SiO 2 substrates were employed. With these simple two-terminal devices, we achieved broadband THz detection from 1.4 THz to 10 THz (wavelength: 214 µm to 30 µm). A main finding of that study was that the temporal response of the detector is strongly dependent on the conductivity of the substrate. While a rise time of about 50 ps and a pulse duration of about 100 ps was observed for the case of lightly doped Si, the rise time and pulse duration was much larger for devices on highly conductive Si. To extend ultrafast detection to shorter wavelengths, semi-insulating silicon carbide (6H SiC) was employed as a substrate material in this study. The large band gap of more than 3 eV [25] prohibits interband absorption of photons at wavelengths longer than 400 nm; leading to high transparency over a large spectral range.
Three different laser sources were exploited to study the device performance in a wide spectral range. Two mode locked fiber lasers with pulse durations of about 100 fs at a wavelength of 1560 nm were employed for measurements at high photon energies. One of the outputs was frequency doubled to a wavelength of 780 nm. Both lasers were synchronized in order to set a fixed time delay between the two pulses and brought to spatial overlap at the detector position. An aspheric lens was used for focusing, and a beam splitter in combination with a camera in front of the aspheric lens was used to monitor the beam position on the device. Measurements at longer wavelengths were performed at the free-electron laser FELBE at Dresden-Rossendorf, which provides a pulse train with a repetition rate of 13 MHz at wavelengths between 5 µm and 230 µm. To test the devices at wavelength longer than 230 µm (the upper limit of the FEL), additional measurements have been performed with a pulsed THz gas laser at a wavelength of 496 µm [26, 27] . The pulses of this laser are characterized by a large number of very short peaks (duration about 1 ns), that add up to an overall pulse duration of about 200 ns, the repetition rate is 1 Hz. In contrast to the measurements with the FEL, the pulse duration is rather long, so the detector signal directly follows the pulse shape.
Experimental results

Wavelength dependence
While the antenna has a large impact on the detection of long wavelength radiation (cf [24] .), the NIR radiation can easily be focused to a spot size smaller than the interdigitated region in the center of the antenna. An oscilloscope trace of the detector response at a wavelength of 780 nm and a pulse energy of 32 pJ is shown in Fig. 2(a) . The electrical response is characterized by a rise time of less than 40 ps, the pulse duration (full width at half maximum) is about 45 ps. The rise time is mainly limited by the parasitic capacitance of the antenna and the inductance of the electrical connections. Optical autocorrelation measurements reveal an intrinsic response time of graphene that is around 10 ps [21,24]. The noise-equivalent-power (NEP) was estimated by
where n represents the number of averages, noise U the noise voltage and peak U the peak voltage of the signal. The pulse energy pulse E is divided by the duration of the measured signal signal t . The bandwidth of the amplifier, which is below the bandwidth of the oscilloscope, is represented by BW . Based on these quantities, we estimate the NEP for the NIR measurements to be around 20 µW·Hz -½ . Notably, this is not the NEP of the detector, but an upper limit of the whole setup, in which the amplifier as well as the oscilloscope contribute significantly to the noise.
To investigate the characteristics of the detector within the Reststrahlen band of the SiC, which ranges from 6 µm to 13 µm [28], measurements with the FEL have been performed at wavelengths of 9.2 µm, 10.8 µm, and 14 µm. An oscilloscope trace recorded at a wavelength of 10.8 µm and a pulse energy of 3.1 nJ is plotted in Fig. 2(b) . Figure 2(c) shows the signal recorded at a pulse energy of 2.3 nJ and wavelength of 76 µm. All measurements at the FEL showed a very similar performance, the NEP is around 700 µW·Hz -½ . The pulse duration of the FEL increases with the wavelength from about 1.2 ps at 10.8 µm to about 15 ps at 75 µm, which might explain the slightly longer rise time in Fig. 2(c) .
For the measurements at 496 µm, the rise time of the detector is far below the pulse duration; hence the detector can be used to analyze the pulse shape. An average of 17 measurements is shown Fig. 2(d) . A photon-drag detector was used to measure the peak power to be around 1.2 kW. From this peak power one can estimate a NEP of about 15 mW·Hz -½ which is again an overestimation of the pure detector characteristics. The noise of the oscilloscope as well as the noise added by the amplifier again contribute to this number. In addition, the laser was focused to a rather large spot size of about 2 mm, which means that only a part of the radiation could be coupled to the antenna.
Comparing the NEP values for different wavelength, one must take into account that different laser systems, amplifiers and oscilloscopes were used. These purely technical aspects may explain to some extent the large fluctuations. Nevertheless some insights can be gained by comparing the numbers obtained with the free-electron laser and with the NIR laser. In the NIR, the radiation is directly, absorbed via interband excitation with the well-known efficiency of ~2% [29] . For the MIR and FIR wavelengths provided by the free-electron laser, on the other hand, the radiation is coupled to the graphene flake via the broadband antenna and subsequently absorbed via intraband excitation [29, 30] . The combined effect of incoupling via the antenna and (intraband) absorption by the graphene electrons results in a rather wavelength-independent value of the NEP in the MIR and FIR ranges. Note that with increasing wavelength the interband absorption is strongly decreasing as Pauli blocking occurs while the intraband absorption gets stronger. In the FIR range intraband absorption exceeds the ~2% interband absorption observed in the NIR range [29] . However, the observed higher NEP values suggest that the less efficient coupling via the antenna overcompensates this effect.
Bias dependence
The bias dependence for the detector signal was investigated at the wavelength of 9.2 µm. We kept the pulse energy of 4.8 nJ constant and varied the bias voltage in the range of −100 mV to 80 mV. The recorded oscilloscope traces for different bias voltages are depicted in Fig. 3 . The amplitude of the recorded signal shows a clear linear dependence in the observed range (cf. inset in Fig. 3) . At zero bias voltage the signal is very small and differs in sign for different devices. We therefore assume that this small signal is caused by an intrinsic asymmetry in the graphene flake or the contacts. This bias dependence is a clear indication that the main detection mechanism is a bolometric effect. The absence of a signal without bias voltage excludes photothermoelectric, photovoltaic, photogalvanic as well as photon drag effects that would lead to a photocurrent without bias [14, 30] . As those processes would rely on an asymmetry in the device e.g. by using different metals for the two arms of the antenna, the absence of those effects is expected. As the Fermi energy in this type of graphene is usually in the range of several hundred meV, well above the energy of the FIR photons, strong intraband absorption in the graphene is likely responsible for the observed signals at long wavelengths. The very low heat capacity of the electrons in the graphene leads to a strong increase in the electron temperature and induces a change in the device conductivity [31] . Even for the short wavelengths, where the photon energy is high enough to directly excite an electron from the valence to the conduction band, the excited carriers are thermalized within about 100 fs [32] . As the time scale of the electrical signal is longer by two orders of magnitude, both intraband and interband absorption lead to equivalent time dependencies. For intermediate photon energies, both processes contribute to the absorption [29] .
For the measurement circuitry used in our experiment, a positive oscilloscope signal (as observed for positive bias voltage) corresponds to a decrease of the conductivity of the sample. This is consistent with optical measurements that reported decreased THz conductivity in highly doped graphene layers caused by a short THz or NIR pulse [33, 34] . This effect was attributed to strongly enhanced carrier-phonon scattering at elevated temperatures while the numbers of free carriers remains nearly unchanged. For NIR detection, where no antenna response is involved, one can perform a simple estimate for the bolometric response. The applied fluence is expected to heat the electrons to roughly 1000 K [35] , which should reduce the conductivity in doped graphene by approximately 25% [33] . From this, a signal of about 1 mV is expected, which is actually very close to the experimental observation of 0.4 mV (cf. Figure 4) . Hence, the detector performance is quantitatively well explained by the hot-electron bolometric effect.
Timing measurements
In Fig. 4 we demonstrate the ability to detect and accurately measure timing information for two distinct wavelengths using a single detector. The short rise time of about 40 ps enables one to set the timing of these two pulses with an uncertainty of less than 10 ps. In principal, such timing information can be determined for pulses with wavelengths separated by nearly three orders in magnitude. 
Discussion
In general, broad-band detectors that cover a large spectral range can by realized by thermal detectors. Absorbed radiation heats an active element in the detector, e.g. a thermo-electric crystal in pyroelectric detectors or a gas in Golay cells. The temporal response of these detectors is determined by the heat capacity of the active element, as well as the heat conductance to cool down the heated element to ambient temperature. To reach an ultrafast broad-band response, superconducting materials like NbN that are cooled to the transition temperature can be exploited [36] . Our detector, based on graphene, provides a detection material that allows for this ultrafast and broad-band detection even at room temperature. The heat capacity of the electrons in graphene, which are directly excited by the infrared radiation, is extremely low. This leads to a large change of the electron temperature. On the other hand, the hot electrons can cool down efficiently in graphene via the optical phonons and allow a fast cooling process [12] . Although we demonstrated detection in the range from 780 nm to 500 µm, we expect our device to work at even shorter/longer wavelength. The limiting factor on the short wavelength range is the substrate material that will absorb photons in the UV, for the long wavelength it is the dimension of the antenna. The presented detector is well suited for a large number of pulsed laser sources like optical-parametric oscillators and amplifiers or difference-frequency mixers, which makes it a very interesting device for multicolor ultrafast spectroscopy.
Notably, the device presented in this work did not allow gating of the graphene, which leads to a high conductivity without photoexcitation. Gating the Fermi energy to the Dirac point, which would maximize the dark resistivity, should strongly enhance the device performance and lead to a lower NEP [37] . Theoretical studies indicate that even single photon detection in the THz range may be possible with a graphene based bolometer cooled to low temperatures [38] . However, gating of the full structure would deteriorate the fast response. Hence, local gating of just the inner part would be necessary, which would require a much more challenging fabrication procedure.
The continuous coverage of such a wide frequency range enabled by the combination of graphene as a detector material and SiC as a substrate to our knowledge is not reported for any other fast detector. Surprisingly, the response of the detector does not change significantly for wavelengths within or just outside the reststrahlenband. Since in this region the dielectric constant of the substrate varies strongly, also the antenna impedance is expected to vary strongly, resulting in a change of both the impedance matching of the graphene flake to the antenna and the antenna to free space. Note that the matching of the antenna to free-space can be strongly improved in the THz region by applying a hyperhemispherical substrate lens e.g. made of silicon. However, such a lens would restrict the spectral response for the reason just discussed and, even more importantly, because this lens itself would be opaque in the region of lattice vibrations and in the range of interband absorption.
Conclusion
In this work we have demonstrated ultrafast detection of laser pulses over an enormous range of wavelengths -spanning from the visible (780 nm) to far-infrared (496 µm). Although the NEP of the device, which is in the 100 µW·Hz -½ range, is rather high, it is still low enough to reliably detect laser pulses in the nJ range; making it a suitable detector for table-top THz sources. The simple structure of the two-terminal device that is based on CVD graphene on SiC makes this device a superior solution for temporal alignment of short laser pulses at various wavelengths.
